Lattice-matched ionic NaCl films were grown layer by layer on covalent Ge͑100͒ using cycles of two half reactions ͑HRs͒ that involved the alternative adsorption of Cl and Na. The Ge 3d photoemission spectra obtained after full cycles of growth resembled that of clean Ge͑100͒, but came to resemble that of the polar Cl-terminated surface after the subsequent half reaction of Cl adsorption. Concurrently, the Na and Cl core levels of the nanofilms shifted by ϳ1.7 eV between these two interface configurations. Our results demonstrate that reactions on the NaCl surface drive periodic electronic reconstructions at the NaCl-Ge interface.
I. INTRODUCTION
Ultrathin dielectric, metallic, and molecular films play a critical role in nanoscale science and technology. [1] [2] [3] [4] Coupling of the atomic and electronic structures between the interface and surface of subnanometer-thick films is an important issue, yet an interface or surface is not typically expected to be influenced by and/or to significantly affect chemical reactions and electronic properties on the other side of the film. A few exceptional cases exist: Surnev et al., 5 in a study of the growth in vanadium oxides on Pd͑111͒, reported layer-dependent structures and oscillatory oxidation states. Quek et al. 6 found the adsorption of O 2 on Au films on top of TiO 2 -coated Mo͑112͒ to depend on the induced charge redistribution at the Au-TiO 2 interface. Olmstead et al. 7 reported a large core-level shift at the interface of a four-layer CaF 2 film grown on Si͑111͒ after a massive exposure of the system to O 2 , humid N 2 , or humid air at atmospheric pressure; the shift was attributed to an increase in the interfacial bond length. In this paper, we report the discovery of a much more dramatic effect under a well-controlled experimental conditionperiodic switching of the electronic structure and bonding character at a buried interface during the cyclic growth in a thin ionic film.
Specifically, this work investigates the formation and evolution of interfacial bonding in NaCl growth on Ge͑100͒. The choice of NaCl is partially motivated by its prototypical ionic behavior and its close lattice matching with Ge ͑5.63 vs 5.65 Å͒. In addition, NaCl can be grown on Ge͑100͒ layer by layer in cycles of sequential half reactions ͑HRs͒ that involve the adsorption of Cl ͑Cl-HR͒ and Na ͑Na-HR͒. This process is unlike the typical growth in alkali halides that is based on molecular-beam epitaxy ͑MBE͒ using ionically balanced molecular units. [8] [9] [10] The sequential HRs in this case yield additional information; 11 the buried interface exhibits large oscillations of bonding character ͑van der Waals vs ionic͒ that are governed by whether the growing film is ionically balanced or contains an extra layer of Cl. Therefore, film growth in our case, as a surface event, exerts a longrange influence on the chemistry of the interface.
II. EXPERIMENTAL DETAIL
Our photoemission experiments were conducted at National Synchrotron Radiation Research Center in Taiwan, using a hemispherical analyzer. The Ge͑100͒ substrates, of size 3 ϫ 10 mm 2 , were cut from commercial Sb-doped wafers. Each substrate underwent cycles of Ar ion sputtering and annealing to ϳ1000 K for 60 s to yield a clean surface. NaCl was grown with the sample at near room temperature. To deposit Cl, the sample was exposed to a beam of Cl 2 gas; the surface uptake of Cl was self-limiting. 12 Na was deposited from an SAES getter source, and the rate of deposition was determined by monitoring the change in the work function of a Si͑100͒ test sample and the rise of a second Na 2p peak above a monolayer ͑ML͒ of Na. 13, 14 For comparison, the growth in NaCl by MBE was also investigated. This growth was performed by thermal evaporation of NaCl at a deposition rate of ϳ1 Å/ min, as measured using a flux monitor, which was calibrated against the photoemission signal. In the following, the film thickness is specified in terms of the site density of the Ge͑100͒-͑1 ϫ 1͒ surface: one monolayer ͑ML͒ = 6.24ϫ 10 14 atoms/ cm 2 .
III. RESULTS AND DISCUSSION
Figure 1 schematically depicts sample configurations in various stages of deposition. The clean Ge͑100͒ surface consists of dimer rows; each surface atom has a dangling bond. 15, 16 Exposure to Cl 2 until saturation yields a Clterminated ͑2 ϫ 1͒ surface. 16 Further exposure of the surface to one ML of Na results in a stoichiometric NaCl͑100͒ ML, as shown in Fig. 1͑c͒ . A ͑100͒ plane in the NaCl structure has interlocked square lattices of Na and Cl, with no net dipole moment. First-principles calculations show that the first monolayer of NaCl on Ge͑100͒ is somewhat buckled, but this bulking declines in two ML and thicker films. 17 The process of sequential Cl and Na HRs was repeated to establish a film, as displayed in Figs. 1͑a͒-1͑g͒. Figure 2͑a͒ presents Ge 3d and Na 2p core-level spectra. The Ge 3d spectrum of the clean surface shows a bulk component ͑B͒ and a surface-shifted ͑−0.44 eV͒ component ͑S͒; the latter is associated with the Ge atoms in the top layer. 16, 18 Here, the relative binding-energy scale is referenced to the bulk Ge 3d 5/2 position ͑29.5 eV relative to the valence-band maximum͒. This energy-referencing scheme eliminates any shifts due to changes in band bending. Figure 3͑a͒ shows the measured binding energy of the Ge 3d 5/2 B component relative to the Fermi level at various stages of sample growth; it varies by ϳ0.34 eV due to changes in surface band bending.
Upon Cl termination, the S component is replaced by a chemically shifted component ͑C͒ due to bonding to the Cl. 12, 16, 18 The chemical shift of +0.58 eV from the bulk suggests that the top Ge layer is positively charged ͑Ge + ͒.
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When a Na ML is added, the C component is eliminated, and the S component reappears. The line shape becomes cleanGe͑100͒-like, suggesting a very weak bonding between the ionically balanced NaCl ML and the Ge͑100͒ surface. A weak Na 2p core level is observed at ϳ3 eV on the higher binding-energy side of the B component of Ge 3d. The next Cl-HR restores the C component of Ge 3d and shifts the Na 2p core level by about −1.5 eV into a position that partially overlaps the Ge 3d peaks. Adding another Na ML reverses these changes: the Na 2p returns to the high-bindingenergy position and the Ge 3d line shape becomes cleansurface-like again. These oscillatory variations are repeated in subsequent HR steps. Notably, the Na 2p line shape shows a single component at each step of the growth; a mixture with two or more well-separated binding energies was never observed.
14 Accordingly, the core-level shift is a collective effect that involves the Na atoms in all layers; the results point to an overall shift in electrostatic potential throughout the film.
For comparison, the bottom spectrum in Fig. 2͑b͒ is obtained after the growth of three ML NaCl by MBE. It is similar to that obtained after repeated cycles of HRs for the same total coverage. The Na 2p energies differ by about 0.46 eV, but this difference is much less than the oscillatory shifts of ϳ1.7 eV during HR growth. The Na 2p core level of MBE films commonly varied in energy by a fraction of one eV probably because of defects, roughness, or the departure in stoichiometry that is caused by thermal decomposition of the NaCl evaporant. A Cl-HR was then conducted on this three ML MBE film, followed by a Na-HR. The oscillation of the Na 2p binding energy was again observed, and the line shape of the Ge 3d switched from clean-surface-like to Cltermination-like, and then back. The trend continued for higher coverages, but with reduced energy shifts, as displayed in Fig. 2͑b͒ , which presents the separate results after a Cl-HR and a Na-HR atop a six ML MBE film.
The spectra of the Cl 2p core level corresponding to those of Na 2p and Ge 3d in Fig. 2 are displayed in Fig. 4 in the same order. The results reveal oscillatory shifts in binding energy just as those in the Na 2p case. The Cl 2p takes on a high-binding-energy position for the stoichiometric NaCl films and a low-binding-energy position for the films with an excess layer of Cl atop. The difference in binding energy is ϳ1.7 eV for films that are built up entirely by HRs, and somewhat lower for thicker films that are prepared by an additional cycle of two HRs on top of MBE films.
Figures 3͑c͒ and 3͑d͒ summarize observed core-level shifts versus the number of deposition cycles. Evidently, the Na 2p and Cl 2p shift in unison. Figure 3͑b͒ closely that of the Cl 2p core level. This similarity is expected, since the Cl 3p level is nominally filled, and its energy should approximately track the local electrostatic potential in the same manner as the core levels.
Large chemical shifts can occur during interface formation or surface adsorption when ionic bonding causes charge transfer and a corresponding shift in electrostatic potential. 7, [20] [21] [22] [23] [24] However, the observation herein of large oscillatory shifts in the core levels of both the cations and the anions in a film that is grown to many MLs is novel. Since the band gap of Ge is just 0.66 eV at room temperature, our observed core-level shifts of ϳ1.7 eV are much larger and cannot possibly be explained by the effect of band bending. The correlated oscillations of the Na 2p, Cl 2p, and Cl 3p energies for all atomic layers in the film suggest that these shifts must be derived from variations in electrostatic potential at the interface.
The above-mentioned results may be explained in terms of two bonding states, A and B, at the NaCl-Ge interface. State A is associated with a stoichiometric NaCl film; the interface bonding is so weak that even the surface-shifted Ge 3d core-level component in a clean Ge͑100͒ surface is hardly affected by the overlayer. Apparently, the strong ionic bonding between Na and Cl leaves the NaCl film in a lowenergy state, rendering it inert and largely noninteracting with the Ge substrate. 10, 17 Since each ͑100͒ plane in the NaCl structure is ionically balanced with no net dipole, the resulting interfacial bonding is likely of the van der Waals-type with an insignificant dipole moment at the interface.
Bonding state B is associated with films with an extra layer of Cl atop the stoichiometric NaCl layer, as indicated in Figs. 1͑d͒ and 1͑f͒ . The Ge 3d line shapes in this state resemble that of the Cl-terminated Ge͑100͒ surface. The presence of the component C of Ge 3d suggests a very similar type of ionic bonding with a positively charged Ge + layer at the interface. The schematic model in Fig. 1͑f͒ suggests that the outermost Cl layer is negatively charged as the whole system must be electrically neutral. However, such a Cl − -Ge + ionic charge separation over a large distance is unlikely, because it would store a large electrostatic energy and is also inconsistent with the experimental results, since the electric field associated with such charge separation would cause different core-level shifts for the various NaCl layers in the film. Figure 1͑h͒ depicts an idealized scenario that is entirely consistent with the experimental results. In this picture, the Ge͑100͒ surface is terminated by Cl, and the remaining NaCl forms an "inert" capping layer. The interface dipole that is associated with the ionic bonding gives rise to the overall core-level shifts in the NaCl film. This configuration requires substantial reorganization of the NaCl structure upon a Cl-HR and may seem unlikely. However, the large electric field that is associated with the naïve model in Fig. 1͑f͒ potentially drives ionic motion or lattice distortion, 25 producing a final system configuration that is close to the ideal model shown in Fig. 1͑h͒ . Upon a Cl-HR, a thick NaCl film can relax in other ways, possibly explaining the gradual reduction in the core-level shifts as the thickness of the films increases.
IV. CONCLUSIONS
A surprisingly electronic reconstruction at a buried NaClGe͑100͒ interface is observed during cyclic half reactions. Periodic switching between ionic bonding and van der Waals bonding at the interface is evident from the measured corelevel shifts. The large long-range chemical and electronic coupling can be attributed to a strong electrostatic interaction associated with the high ionicity of NaCl. The implication that lattice distortions or ionic motions minimize the electricfield energy during the alternative adsorption of anions and cations suggests an interesting avenue for materials engineering. The findings in this investigation may have important implications for nanomaterials and devices with dielectriccovalent junctions.
